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Single-Chain Fv/Folate Conjugates Mediate Efficient Lysis of 
Folate-Receptor-Positive Tumor Cells 
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Bispecific antibodies that bind to a tumor antigen and the T cell receptor (TCR) redirect cytotoxic T 
lymphocytes (CTL) to lyse tumor cells which have escaped normal immune recognition mechanisms. 
One well-characterized tumor antigen, the folate receptor (FR), is expressed on most ovarian carcinomas 
and some types of brain cancer. Recently, it was shown that conjugates of folate and anti-TCR 
antibodies are extremely potent bispecific agents that target tumor cells expressing the high-affinity 
folate receptor, but not normal cells expressing only the reduced folate carrier protein. In this paper, 
it is shown that the size of these conjugates can be reduced to the smallest bispecific agent yet described 
(30 kDa) by attaching folate to a single-chain antibody, scFv, of the anti-TCR antibody KJ16. The 
scFv/folate conjugates are as effective as IgG/folate conjugates in mediating lysis of FR + tumor cells 
by CTL, The optimal folate density was in the range of 5-15 folate molecules per scFv or IgG molecule, 
which yielded half-maximal lysis values (EC 5 o) of approximately 40 pM (1.2 ng/mL for scFv). Finally, 
the scFv/folate conjugates could efficiently target tumor cells even in the presence of free folic acid at 
concentrations that are normally found in serum. Compared to conventional bispecific antibodies, 
the small size of scFv/folate conjugates may prove advantageous in the ability to penetrate tumors 
and in reduced immunogenicity. 



INTRODUCTION 

It has been known for over 50 years that the immune 
system is capable of attacking and eliminating very large 
tumor burdens but sometimes fails to do so (/) . Although 
the basis of this "escape" is incompletely understood (2) , 
one mechanism involves the failure of tumor cells to 
express antigens in a context that is essential for 
recognition by the immune system [reviewed by Pardoll 
(3)]. Another mechanism might be the loss of costimu- 
latory ligands and adhesion molecules that aid in the 
recognition and activation of T cells (4) . 

One potential way to direct T cells or other immune 
effector cells against tumor cells is with bispecific anti- 
bodies [reviewed by Fanger (5)] . Bispecific antibodies can 
be constructed to recognize two separate antigens, one 
on the tumor surface and the other on the surface of a 
cytotoxic T cell (e.g. TCR 1 ). Many tumor cells have 
potential target antigens that are tumor-specific or 
quantitatively more abundant on tumor cells than normal 
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1 Abbreviations: CTL, cytotoxic T lymphocyte; FR, folate 
receptor; TCR, T cell receptor; scFv, single-chain antibody 
binding domain; MHC, major histocompatibility complex; Kq, 
dissociation constant; SV40, simian virus 40; EC50, concentration 
of antibody /folate conjugate required for half-maximal CTL 
mediated cytotoxicity; fol, folate; EDC, l-ethyl-3-[3-(dimethyl- 
amino) propyl] carbodiimide hydrochloride; FITC, 5-aminofluo- 
rescein isothiocyanate; Ga, gallium; Fab, antigen binding frag- 
ment derived from papain digestion of Ig molecule; V regions, 
variable regions of IgG heavy and light chains; e, extinction 
coefficient; SDS, sodium dodecyl sulfate; PAGE, polyacrylamide 
gel electrophoresis; PBS, 10 mM phosphate buffer, 150 mM 
NaCl, pH 7.3; PBS-BSA, PBS containing 0.1% bovine serum 
albumin; MTX, methotrexate. 



cells (tumor-associated). By bringing together the tumor 
cell and an activated T cell, bispecific antibodies can 
redirect the cytotoxicity of T cells against tumors. Previ- 
ous work has demonstrated the effectiveness of bispecific 
antibodies against tumors in vitro and in vivo and some 
clinical trials have been initiated (e.g. see refs 6-12). It 
has generally been agreed that optimizing the properties 
of bispecific antibodies should improve their clinical 
effectiveness. 

Among the tumor antigens targeted with bispecific 
antibodies has been the high-affinity folate receptor (FR) , 
also called the folate binding protein. The FR is now 
known to be expressed at elevated levels on many human 
tumors, including ovarian carcinomas [e.g. one study 
showed that 98% of ovarian tumors express the FR (13)], 
choroid plexus carcinomas, and ependymomas (14, 15). 
These cancers affect a significant segment of the popula- 
tion: ovarian cancer is the fourth leading cause of cancer 
death among women {16) and at least 30% of early 
childhood tumors are diagnosed as ependymomal or 
choroid plexus tumors (17, IS). 

The presence of high levels of FR on human tumor cells 
has made it an attractive candidate for tumor-specific 
therapeutics. Monoclonal antibodies to the human FR 
have been generated and shown to be effective at target- 
ing FR + tumors in vitro (19—21). Clinical trials with 
radiolabeled antibodies and anti-FR/antLCD3 bispecific 
antibodies have recently been initiated (9, 10, 12). 
Another approach has been to use the endocytic proper- 
ties of the FR to deliver toxins or antisense nucleotides 
to the interior of malignant cells (22, 23). Although 
relatively low levels of FR mRNA have been detected in 
most normal human tissues (14), several studies have 
shown that normal choroid plexus, kidney, thyroid, colon, 
and placenta may have elevated levels \14, 24, 25\ 
reviewed by Antony (26)]. Despite the presence of FR 
on normal human tissue, clinical trials using the anti- 
FR/anti-CD3 bispecific antibody have not demonstrated 
any toxicity associated with cyotolysis of normal FR 
expressing tissue (9, 10). 
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Tumor Targeting with Antibody/Folate Conjugates 

The high intrinsic affinity of folate for FR (K d ~ 1 nM) 
suggested to us that attachment of folate directly to an 
anti-TCR antibody might efficiently target FR + tumor 
cells for lysis by T cells. We recently reported that such 

adversely affecting normal cells that express only the 
reduced folate carrier protein [IQ ~ 1.5 x 10~ 6 (27)] , 
which is responsible for normal dietary uptake of folate 
and the transport of folate-based dihydrofolate reductase 
inhibitors such as methotrexate. It is reasonable to 
predict that the most effective agents for targeting solid 
tumors will have reduced sizes that allow greater tumor 
penetration. For instance, comparative biodistribution 
studies with 125 I-labeled IgG, F(ab) 2 , Fab fragments, and 
scFv in human colon carcinoma xenografts in athymic 
mice demonstrated that scFv molecules penetrated tumor 
more rapidly, to a greater depth, and more uniformly 
than other forms of the antibody (28). 

In this paper, a 29-kDa scFv of the anti-V/?8 antibody 
KJ16 (29) was conjugated with folate and its targeting 
potential was evaluated in vitro. Cytotoxicity assays with 
these preparations showed that lysis of mouse FR + tumor 
cells was highly specific and correlated directly with FR 
density (r = 0.93). Comparison between folate-labeied- 
IgG and scFv demonstrated that both conjugates have 
nearly identical targeting efficiencies (EC50 — 40 pM), and 
lysis with scFv/folate could be detected at concentrations 
as low as 1 pM. Direct competition experiments with free 
folate demonstrated that the scFv/folate conjugate could 
effectively target FR + tumor cells even at folate concen- 
trations above normal serum levels. The reduced size of 
the scFv/folate compared to other bispecific reagents as 
well as its high potency suggests that it has potential 
for in vivo therapy. In addition, the conjugate may serve 
as a model for the development of future novel bispecific 
agents that contain small ligands specific for tumor cell 
surface antigens. 

EXPERIMENTAL PROCEDURES 

Cell Lines and Antibodies. The following DBA/2 - 
derived tumor cell lines were maintained in RPMI 1640 
containing 5 mM HEPES, 10% fetal calf serum, 1.3 mM 
L-glutamine, 100 units of penicillin/mL, 100 //g/mL strep- 
tomycin, and 50 jjM 2-mercaptoethanol: Mel, murine 
erythroleukemia cell (30) ; La, a subline of Mel selected 
on low folate (31); LI 210, a murine leukemia cell line (32); 
and F2-MTX r A, a MTX-resistant subline of L12 10 se- 
lected for increased expression of FR-/? by growth on low 
folic acid (33). La expresses primarily the a isoform of 
folate receptor (FR), F2-MTX r A expresses only the FR-/? 
isoform, and L1210 expresses both a and isoforms. CTL 
clone 2C, a V/?8 + autoreactive cell line specific for L d (34), 
was maintained in the same RPMI medium supple- 
mented with 10% (v/v) supernatant from concanavalin 
A-stimulated rat spleen cells, 5% methyl a-mannoside, 
and mitomycin C treated BALB/c mouse spleen cells as 
stimulators. KJ 16 is a rat IgG antibody specific for the 
V£8.1-2 domains of the TCR (35) and was provided by 
Drs. Kappler and Marrack. KJ16 monoclonal antibody 
was prepared from tissue culture supernatant generated 
in a Vita-Fiber miniflow path bioreactor (Amicon) and 
concentrated by precipitating twice in 50% ammonium 
sulfate. KJ16 Fab fragments, FITC-labeled Fab frag- 
ments, and KJ16 scFv were generated and purified as 
described previously (29). Briefly, scFv was refolded from 
inclusion bodies, and monomeric scFv was purified by 
G-200 HPLC purification. Monoclonal antibody 30.5.7 
is specific for the major histocompatibility complex 
(MHC) class I product L d (36) and was prepared as ascites 
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fluid and used without further purification in some 
cytotoxicity assays. 

Preparation of Antibody/Folate Conjugates. Folate 
was coupled through its carboxyl groups to antibody 

C1111111C glUU|JO UOlllg CI *^Cll UUUllllllU^ piUVl-UUi^ uvt^vi ikrvu 

previously (27, 37). Unless indicated, a 5-fold molar 
excess of l-ethyl-3- [3- (dimethylamino) propyl] carbodiim- 
ide hydrochloride (EDC, Pierce Chemical Co.) was added 
to folate (Sigma) dissolved in dimethyl sulfoxide. After 
30 min at room temperature in the dark, a 20-700-fold 
molar excess of the EDC-activated folate was added to 
0.1-0.5 mg of antibody in 0.1 M MOPS, pH 7.5. After 1 
h at room temperature, the sample was either applied 
to a Sephadex G-25 column pre-equilibrated in 0.1 M 
MOPS or immediately dialyzed into phosphate-buffered 
saline (PBS; 10 mM sodium phosphate, 150 mM sodium 
chloride, pH 7.3). If passed over a G-25 column, the 
excluded-peak fractions were pooled and dialyzed against 
PBS. After dialysis, protein concentrations were deter- 
mined using the bicinchoninic assay (Pierce) using a 
protein A purified intact mouse antibody as the standard. 
Antibody conjugates were also analyzed spectrophoto- 
metrically at 363 nm, and the density of the folate per 
antibody was calculated by dividing the molar concentra- 
tion of folate on the conjugate (A363/6m; cm = 6197 M 1 ) 
by the antibody concentration. Folate densities obtained 
ranged from ~1 to ~120 folates/antibody. Conjugates 
were stored at 4 °C in the dark. 

Mass Spectrometry. Mass spectra were obtained on 
a TofSpec using electrospray ionization. Samples were 
dialyzed against 1 mM potassium phosphate buffer, pH 
8.0, and concentrated to 10—25 pmol/mL. Analysis was 
performed by the Mass Spectrometry Laboratory, School 
of Chemical Science, University of Illinois. 

Folate Binding Assays. Binding assays were con- 
ducted by using l25 I-labeled folate (NEN; specific activity 
= 2200 Ci/mmoi; 1 Ci = 37 GBq). Cells were washed 
with PBS containing 0.1% bovine serum albumin, pH 7.3 
(PBS-BSA), to remove excess free folate present in the 
cell culture medium. Cells, labeled folate, and competi- 
tors were incubated in triplicate in 50 piL of PBS-BSA 
for 1 h at 37 °C. Incubation at 37 °C has previously been 
shown to produce levels of binding similar to that 
obtained with acid pretreatment (27). Samples were 
loaded into tubes containing 300 //L of oil [80% (v/v) 
dibutyl phthalate/20% (v/v) olive oil] , and bound and free 
ligand were separated by a 3 s centrifugation at 12000g. 
Tubes were frozen and cut to allow the radioactivity in 
the cell pellet and supernatants to be quantitated sepa- 
rately. 

T Cell Receptor Binding Assays. The relative 
affinity of the scFv/folate conjugates for the TCR was 
determined by a competition assay with 5-aminofluores- 
cein isothiocyanate (FITC) -labeled KJ16 Fab fragments 
as previously described (29). In brief, various concentra- 
tions of antibody were added to triplicate sets of 6 x 10 5 
2C cells in the presence of a constant amount of FITC- 
labeled Fab fragments. After a 30 min incubation on ice, 
the entire mixture (antibody -I- FITC- labeled Fab frag- 
ments + 2C cells) was passed through a flow cytometer 
without washing. Inhibition by various KJ16 prepara- 
tions was measured by quantitating the decrease in 
bound fluorescence by flow cytometry (performed with a 
Coulter Electronics EPICS 752 at the University of 
Illinois Biotechnology Center). The concentrations of 
unlabeled antibody giving 50% inhibition (IC50) were 
determined relative to the maximum fluorescence (in the 
absence of inhibitor) and the background fluorescence (in 
the presence of a large excess of intact antibody). 

Cytotoxicity Assays. Tumor cells were labeled with 
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Figure 1. SDS— PAGE analysis and mass spectra of purified preparations of scFv KJ16 and scFv/folate conjugate: (A) samples 
were electrophoresed through a 10% polyacrylamide gel under reducing and nonreducing conditions, and proteins were visualized 
by staining with Coomassie Blue; (B) samples were concentrated, dialyzed against 1 mM potassium phosphate buffer, pH 8.0, and 
mass spectra were obtained on a TofSpec using electrospray ionization. Purified scFv existed as a single species with a molecular 
mass of 29 082 Da. In contrast, folate-labeled scFv existed as a collection of antibody populations, each differing by the molecular 
mass of a folate molecule (~400 Da), detectable up to 7 folates per antibody. 



50-100 fiL of 51 Cr (2.5 mCi/mL) for 60 min at 37 °C, 
washed twice with folate-free RPMI 1640 medium con- 
taining 5% (v/v) fetal calf serum (folate-free media), and 
used in 96-well plate cytotoxicity assays at 10 4 cells per 
well. Because each of these cell lines also expressed the 
alloantigen L d , which is recognized by CTL 2C, assays 
were performed in the presence of anti-L d antibody to 
minimize non-FR-mediated lysis. Ascites of anti-L d 
antibody 30.5.7 was diluted 1:100 into folate-free media 
containing effector cells (2C). Effector cells were added 
to targe t cells at an effector-to- ^^f r^n r^nn r>f fr] 
Antibodies and iolate/antibody conjugates were diluted 
in folate-free media and added to triplicate wells at 
various concentrations. Plates were incubated at 37 °C 
for 4 h in 5% C0 2 , and supernatants were removed for y 
counting. For the inhibition of scFv/folate by free folate, 
a nonsaturating concentration of scFv/folate (3 nM) that 
would generate maximal cytotoxicity was used together 
with various concentrations of free folate. Unless indi- 
cated otherwise, the specific release mediated by the 
folate conjugates was determined by subtracting the 
release in the absence of the conjugates [e.g. % specific 
release = (experimental counts — spontaneous counts)/ 
(maximal counts - spontaneous counts) x 100]. 

ECso values (i.e. the concentration of antibody/folate 
conjugate required for half-maximal specific lysis) were 
determined by linear regression. Among independent 
experiments, EC50 values and maximum cytotoxicity 
could vary for the same conjugate preparation primarily 
due to differences in CTL activity. For example, notice- 
able reductions in CTL 2C activity can be observed after 
multiple passages in vitro (unpublished data, D.M.K.). 
Therefore, for comparison of EC50 values from different 
experiments (i.e. Figure 5B), assay results were normal- 
ized by dividing each calculated EC50 by the EC50 of the 



most potent conjugate in a given experiment [e.g. 
EC 5 o normalized = (EC 5 o/EC 5 o low )]. The inverse of this 
normalized value, [(ECso™"™ 1 * 2611 ) -1 , which we have called 
the targeting index] was plotted as a function of folate 
density on the antibody, where a targeting index = 1 
specifies the most potent conjugate. 

RESULTS 

Characterization of scFv/Folate Conjugates. The 

scFv of KJ16, an anti-V/?8 antibody, was purified from 
Escherichia coli inclusion bodies after guanidine dena- 
turation, refolding, and HPLC gel filtration. Purified 
scFv migrated as an apparent 35-kDa protein on SDS— 
PAGE gels (Figure 1A). Folate was coupled to the scFv 
using the carbodiimide (EDC) reaction, which links 
carboxyl groups of folate to primary amine groups on the 
protein. In the engineering of the scFv, the Vl and Vh 
domains were joined by the 26 residue linker, 205s, that 
contains 8 lysine residues (29, 38). We reasoned that the 
presence of multiple lysine residues in a highly accessible, 
solvent-exposed region may result in higher folate densi- 
ties in the linker region as opposed to the antibody V 
regions. In initial studies, folate was coupled to the scFv 
at a 100:1 folate to antibody molar ratio. Under these 
conditions, scFv/folate preparations contained an average 
of 3—8 folates per antibody {N = 3), on the basis of 
spectrophotometry analysis. Consistent with this find- 
ing, migration of the scFv/folate conjugate on SDS— 
PAGE gels was slightly slower than that of scFv and the 
band was more diffuse (Figure 1A). 

The folate density determined by photometry does not 
provide information about the heterogeneity of the 
conjugates. To determine the range of epitope densities 
within a single preparation, scFv/folate conjugates were 
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Figure 2. Binding of KJ16 scFv/folate to cell surface T cell 
receptor. The binding of FITC-labeled KJ16 Fab fragments to 
the V/?8-positive T cell clone 2C was inhibited by purified scFv/ 
folate, scFv, or Fab fragments. A total of 6 x 10 5 2C cells was 
incubated for 30 min at 4 °C with FITC-labeled KJ16 Fab 
fragments (~7.0 x 10 s M) and various concentrations of folate- 
labeled scFv KJ16 (7.8 fol/scFv, a), unlabeled scFv (■), and 
unlabeled Fab fragments (O). A relative affinity of the scFv/ 
folate was determined by comparing the concentrations required 
to inhibit 50% of the FITC-labeled Fab fragments from binding 
the 2C TCR. 

examined by electrospray ionization mass spectrometry 
(Figure IB). Unlabeled scFv demonstrated a single peak 
with a molecular mass of 29 082 Da. In contrast, folate- 
labeled scFv existed as a collection of antibody popula- 
tions, each differing by the molecular mass of a folate 
molecule (~400 Da), detectable up to 7 folates per 
antibody. Integration of mass spectra showed that >85% 
of the scFv molecules were labeled with one or more folate 
molecules. Folate densities estimated from mass spectra 
were generally 1.5-2-fold lower than densities estimated 
by spectrophotometry. This could in part be due to lower 
solubility of high-density conjugates under conditions 
required for mass spectrometry or to the dissociation of 
some folate molecules during ionization. 

Binding of scFv/Folate Conjugates to the T Cell 
Receptor. To examine if folate conjugation affected the 
binding of scFv antibodies to the TCR, a scFv/folate 
conjugate was compared with unlabeled scFv. In a 
competitive flow cytometric assay, fluorescein-labeled 
KJ16 Fab fragments were inhibited from binding the 
V/?8-positive CTL clone 2C by unlabeled Fab fragments, 
scFv, or scFv/folate (Figure 2). As shown previously, scFv 
antibodies have an approximate 3-fold higher apparent 
affinity than Fab fragments, possibly because of the 
presence of noncovalently associated scFv dimers (29). 
Comparison of folate-labeled and unlabeled scFv showed 
that the folate conjugate had an apparent affinity ~3- 
fold lower than scFv (i.e. approximately equal to KJ16 
Fab fragments). This decreased binding, compared to 
unlabeled scFv, could be due either to chemical modifica- 
tion of active site residues with folate or to the interfer- 
ence of dimer formation by folate. The fact that folate 
conjugates bound the TCR as well as KJ16 Fab frag- 
ments, which have a K D of ~130 nM (29, 39), indicated 
that the conjugates have potential to mediate lysis of 
target cells by CTLs. 

Binding of scFv/Folate Conjugates to Folate Re- 
ceptors on Tumor Cells. The ability of scFv/folate 
conjugates to bind folate receptors (FR) on the surface of 
tumor cells was examined by a competition binding assay 
using l25 I-labeled folate as the labeled ligand (Figure 3). 
The competition assay used the F2-MTX r A cell line that 
expresses the isoform of the FR. Competitors included 
various concentrations of free folate, unlabeled scFv, and 
three different scFv/folate preparations. Examination of 
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Figure 3. Binding of KJ 16 scFv/folate to folate receptors. 125 I- 
labeled folate (-1.8 x 10- 10 M, 2000 Ci/mM) was incubated with 
F2-MTX r A cells in the presence or absence of competitors for 1 
h at 37 °C. Concentrations refer to folate rather than antibody 
concentrations. Competitors included free folate (□) and KJ16 
scFv/folate conjugates with different folate densities: 2.8 fol/ 
scFv (O), 9.2 fol/scFv (■), and 20.4 fol/scFv (a). Inhibition was 
not observed in the absence of competitor (a) or in the presence 
of unconjugated scFv (•) (error shown is ± average SEM). 
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Figure 4. Cytotoxicity assay of various tumor cells lines with 
the scFv/folate conjugate and CTL clone 2C. Various concentra- 
tions of the scFv/folate conjugate were incubated with 51 Cr- 
labeled tumor cells and CTL 2C for 4 h at an effector-to target 
ratio of 5:1. Experiments were performed in the presence of anti- 
L d antibody to minimize lysis due to recognition of L d , the 
nominal ligand for CTL 2C. Lysis correlated directly with the 
level of FR expressed by the cell line: F2-MTX r A (200 000 sites/ 
cell, a); La (60 000 sites/cell, ■); L1210 (8 000 sites/cell, •); Mel 
(not detectable FR, O). Assays with free folate at a final 
concentration of 1.5 piM were performed with the scFv/folate 
conjugate at a concentration of 0.09 nM (+ folate). 

the binding curves showed that folate-conjugated anti- 
body, but not unlabeled scFv, binds to the FR + tumor cell 
line. However, on the basis of molar folate concentration, 
the folate conjugates had a relative affinity that was 
approximately 10-30-fold less than that of free folate. 
This decrease in apparent affinity was consistent with 
previous observations (27) and could be partly attributed 
to the carbodiimide labeling procedure. This procedure 
links folate through either the a or y carboxyl group, but 
only linkage through the y carboxyl retains binding (40). 
It is also possible that receptor- mediated internalization 
or decreased accessibility of the FR may also explain the 
lower apparent affinity of the folate conjugate. Included 
in the latter is the possibility that neighboring folates or 
amino acids sterically hinder interaction with the FR. 

CTL-Mediated Lysis of FR + Tumor Cells by scFv/ 
Folate Conjugates. The specificity and efficiency of 
tumor targeting with scFv/folate conjugates were exam- 
ined in a 51 Cr release assay with CTL clone 2C ( Figure 
4). Four different tumor cell lines tnat nave a range of 
cell surface FR densities were used as target cells: F2- 
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MTX r A (200 000 sites/cell); La (60 000 sites/cell); LI 210 
(8 000 sites/cell); Mel (no detectable FR). Each of the FR + 
cell lines was lysed in the presence of the scFv/folate 
conjugate, and the extent of lysis was directly correlated 
with the expression level of the FR {r = 0.93). Lysis was 
completely inhibited by free folate, indicating that target- 
ing of the tumor cells was specifically mediated by the 
folate receptor and not some other cell surface molecule. 
The lysis mediated by these conjugates was highly 
specific (e.g. the FR~ cell line Mel was not lysed by the 
conjugate even at concentrations over 10 5 times that 
required for detectable killing of the FR + cell line F2- 
MTX r A) and extremely potent (e.g. lysis was detectable 
at concentrations as low as 1 pM of scFv/folate) . The 
slight reduction in observed lysis at the highest concen- 
trations of conjugate occurs because excess bispecific 
antibody yields monospecific binding without cell-to-cell 
cross-linking (41). The presence of reduced folate carrier 
protein (as present in Mel and in all other normal cells) 
does not result in cell destruction. It is important to point 
out that the FR density reportedly on ovarian tumors is 
even higher (~1 million/cell) than those on these tumor 
cell lines (21). 

Effects of Folate Density on Targeting. To exam- 
ine the effects of folate density and labeling on the 
targeting efficiency of scFv/folate conjugates, the antibody 
was labeled with folate under various carbodiimide- 
mediated coupling conditions. The carbodiimide EDC 
couples folate through the free carboxyl groups, but when 
used in the presence of protein, it may also lead to protein 
modification and subsequent precipitation or inactivation. 
To evaluate the optimal levels of EDC for folate coupling, 
several different concentrations of EDC at a constant 
folate concentration were used during coupling. EDC 
used at either 13 or 65 mM generated conjugates with 
approximately equal targeting efficiency. EDC used at 
260 mM yielded conjugates with reduced efficiency and 
frequently led to protein precipitation (data not shown). 

To directly examine the effect of folate density, acti- 
vated folate was prepared at a constant EDC/folate ratio 
(5:1) and conjugates were produced by adding different 
ratios of activated folate to the scFv protein. After 
dialysis to remove unreacted folate and excess EDC, 
conjugates were evaluated by spectrophotometry to de- 
termine folate densities and cytotoxicity assays to evalu- 
ate targeting efficiency. Folate densities ranged from 
approximately 1 to 20 folates per scFv. As shown in 
Figure 5A, each of the conjugates was capable of mediat- 
ing lysis of the FR + tumor cell line by CTL clone 2C. 
However, conjugates with either the lowest density (1.3 
folates/scFv) or highest density (20.4 folates/scFv) were 
5— 10-fold less effective than conjugates with intermedi- 
ate folate densities. 

To better evaluate the effects of folate density, the 
above experiment was performed with several additional 
folate conjugate preparations. To directly compare the 
results of these assays, the EC50 of each conjugate was 
determined by linear regression and divided by the EC 50 
of the conjugate that yielded the highest targeting 
efficiency (i.e. the lowest EC50; see Experimental Proce- 
dures). A plot of the normalized targeting values as a 
function of the folate density (Figure 5B) demonstrates 
that optimal folate density appears to be in the range of 
5-15 folates/scFv. At higher folate densities, the target- 
ing efficiency of the conjugates is generally lower and 
more variable than those of conjugates with an interme- 
diate amount of folate. The reduction in targeting 
efficiency at higher folate densities is not due to the 
inability of these conjugates to bind to FR + cells (Figure 
3), but is likely a consequence of chemical modification 
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Figure 5. Effect of folate density on targeting with scFv/folate 
conjugates: (A) scFv/folate conjugates with different folate 
densities were prepared by labeling scFv protein with various 
amounts activated folate, using an EDC/folate ratio of 5: 1 (EDC 
= 65 mM). Folate densities were L3 fol/scFv, 4.0 fol/scFv, ■; 
9.2 fol/scFv, a; 9.3 fol/scFv, O; and 20.4 fol/scFv, A. Conjugates 
were tested in cytotoxicity assays using F2-MTX r A and CTL 2C. 
(B) Relative targeting efficiency of various scFv/folate conjugates 
as a function of increasing folate density. Targeting index values 
were determined by normalizing EC50 values of the various 
conjugates with the most effective conjugate (value = 1) (see 
Experimental Procedures for details). Each open circle (O) 
represents a single scFv/folate conjugate prepared using an 
EDC/folate ratio of 5:1 (EDC 33-65 mM) and tested in cyto- 
toxicity assays using F2-MTX r A and CTL 2C. 

of amino acid residues important in TCR binding by the 
scFv or in scFv stability. 

Comparison of Intact Antibody and scFv. To 
determine the relative effectiveness of intact KJ16 IgG 
versus scFv-KJ16, both forms were labeled with folate 
at a 100:1 molar ratio of activated folate to antibody and 
under identical EDC reaction conditions (33 mM EDC, 
6.7 mM folate). These conditions yielded folate densities 
of 7 and 5 for the scFv and intact antibody, respectively. 
Cytotoxicity assays with these preparations showed 
nearly identical targeting efficiencies for the intact and 
scFv forms of KJ16 (Figure 6). The concentration re- 
quired to obtain 50% of the maximal specific release 
(EC50) was approximately 40 pM (1.2 ng/mL for scFv). 
Comparison of intact and scFv conjugates in an 125 I- 
labeled folate binding assay indicated no significant 
difference in their ability to bind FR (data not shown). 

Intact KJ 16 antibody was also labeled at various folate 
densities to determine if targeting efficiency could be 
optimized further. Conjugates were again evaluated by 
spectrophotometry to determine folate densities and 
cytotoxicity assays to evaluate targeting efficiency (Fig- 
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Figure 6. Comparison of scFv/folate and IgG/folate in CTL- 
mediated lysis of tumor cells. Folate was conjugated to KJ16 
scFv and intact antibody under identical conditions (3.3 mM 
EDC, 100:1 molar ratio of fol ate/antibody), yielding conjugates 
with 7 fol/scFv (•) and 5 fol/IgG (■). Cytotoxicity assays were 
performed with these conjugates using 51 Cr-labeled F2-MTX r A 
cells and CTL clone 2C. 
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Figure 7. Effect of folate density on targeting with IgG/folate 
conjugates. Intact antibody was labeled at several folate con- 
centrations to determine if, like scFv, a specific range of folate 
density would yield the optimal targeting effectiveness. Conju- 
gates with the following densities were assayed with 51 Cr- 
labeled F2-MTX r A cells and CTL clone 2C: 4.5 foVIgG, □; 7.0 
fol/IgG, •; 13.6 fol/IgG, a; 56.7 fol/IgG, ■; and 126.2 fol/IgG, O. 

ure 7). Folate densities ranged from approximately 
4—126 folates/antibody molecule. As shown with scFv 
preparations, high and low folate density resulted in 
decreased targeting effectiveness for the intact antibody. 
As with scFv preparations, the optimal densities appear 
to be in the range of 5— 15 folates/antibody, as determined 
by spectrophotometry. 

Inhibition of scFv/Folate Conjugate-Mediated 
Lysis by Free Folate. Normal serum folate may reduce 
the effectiveness of the scFv/folate conjugate by compet- 
ing for the folate receptor in vivo. A 51 Cr release assay 
was used to evaluate the effectiveness of the scFv/folate 
conjugate-mediated lysis at biologically relevant concen- 
trations of free folate (Figure 8). Free folate was diluted 
in folate-free media, and various concentrations were 
added to triplicate wells containing 51 Cr-labeled F2- 
MTX r A cells, 2C effector cells, and a fixed, nonsaturating 
concentration of scFv/folate conjugate (3 nM) that would 
generate maximal specific release. The resulting titra- 
tion curve demonstrated that at normal human serum 
folate levels [9—36 nM (42, 43)] the scFv/folate conjugate 
retained most of its activity. For instance, at 20 nM 
folate, the scFv/folate conjugate exhibited over 80% of its 
CTL- mediated targeting potential. Although murine 
serum folate levels are significantly higher than normal 
human serum values (124—700 nM) due to folate-rich 
chow {44, 45), even at these elevated folate concentra- 
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Figure 8. Inhibition of scFv/folate-mediated lysis by free folate. 
Various concentrations of free folate were added to triplicate 
wells containing 5 l Cr- labeled F2-MTX r A cells, 2C effector cells, 
and a fixed, nonsaturating concentration of scFv/folate conjugate 
(—8 fol/scFv) that would yield maximal specific release (3 nM). 
Inhibition was calculated as a function of the specific release 
in the absence of folate competitor. Normal human serum folate 
concentrations range from 9 to 36 nM (42, 43). 

tions, the scFv/folate conjugate exhibited 30-60% of its 
targeting potential. 

DISCUSSION 

The most effective agents for targeting solid tumors 
will likely have reduced sizes that allow greater tumor 
penetration. This paper characterizes the smallest bispe- 
cific agent yet described for redirecting the activity of 
immune effector cells against tumors. Initial bispecific 
antibody studies to target ovarian tumors that express 
high-affinity FR have used intact heterobifunctional 
antibodies (-150 kDa) that bind to CD3 and the FR. 
These agents showed efficacy in animal models, and they 
have recently entered testing in clinical trials (9, 10, 12). 
Although not yet reported for anti-FR antibodies, several 
laboratories have shown that it is possible to engineer 
smaller bispecific antibodies of —60 kDa by linking two 
scFv regions (41, 46, 47). Here we show that the size of 
a bispecific targeting agent can be reduced even further 
to —30 kDa for the scFv/folate conjugates. Furthermore, 
the targeting efficiency of the engineered scFv/folate 
conjugate is comparable to that of the native intact 
antibody /folate conjugates. 

For coupling of folate to the anti-V/?8 scFv KJ16, a 
carbodiimide reaction that links the carboxyl groups of 
folate to the amino groups of the antibody was used. KJ16 
scFv binds to the cell surface TCR with an affinity that 
is similar to that of the intact KJ16 antibody (29). The 
Vl and Vh regions of the scFv are linked by a 26 amino 
acid region that contains 8 lysine residues. We reasoned 
that this charged linker would be accessible to folate, 
would be located distal to the binding site, and would 
contain multiple attachment sites for folate through the 
EDC reaction. Under coupling conditions where folate 
concentrations are nonsaturating, the scFv and intact 
antibody have comparable densities of folate attached per 
molecule (—5—15 folates/molecule), despite the 5-fold 
greater size of the intact antibody. Cytolytic assays 
demonstrated that these conjugates have very similar 
targeting efficiencies (Figure 6). 

Although folate is probably attached to lysines present 
in the linker, the scFv/folate conjugates are actually 
heterogeneous populations as evidenced by mass spectra 
(Figure IB). Within a scFv/folate preparation there are 
most likely conjugates with enhanced targeting proper- 
ties and conjugates with diminished targeting properties. 
The former could include not only those with folate at 
an accessible location but perhaps those with multiple 
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folates that allow for multivalent interactions with FRs 
on tumor cells. Conjugates which have diminished 
bispecific properties would include those that have folate 
attached through amine groups in the scFv active site 
or in regions which destsbalize the Vl — V; ; interaction. 
These are analogous to those preparations derived with 
very high folate densities, where the targeting efficiency 
is significantly reduced (Figures 5 and 7). 

Several considerations suggest that further optimiza- 
tion of the scFv/folate conjugates could yield even more 
potent agents. The anti-TCR antibody KJ16 has a 
relatively modest An of ~100 nM (29). Our laboratory 
is currently engineering higher affinity anti-TCR anti- 
bodies by antibody display methods; antibodies with K D 
< 1 nM have been routinely generated using similar 
approaches (48). In addition, the affinity of the scFv/ 
folate conjugate for the FR + tumor cells was up to 30- 
fold less than the affinity of free folate for the FR (Figure 
3). Coupling of folate through the y carboxyl, plus 
homogeneous linkage perhaps through cysteine or mul- 
tiple cysteines, should improve the affinity for the FR. 
Alternatively, other folate analogs with higher affinity 
than folate could be employed (49). The use of these 
strategies should allow the development of scFv conju- 
gates that have EC 50 values considerably less than those 
described in this paper. 

It is of significant note that the scFv agent described 
here not only is the smallest agent but is at least as 
potent in vitro as bispecific antibodies described in the 
literature. For example, the EC50 of other bispecific 
agents range from 1 to 100 ng/mL (21, 50—52). Various 
other antibody or folate-based targeting agents have EC50 
values that range from 0.1 to 200 ng/mL (e.g. refs 37, 
40, 53-56). In vitro assays for these other agents 
typically involved 24 h incubation periods, while the 
cytotoxicity assays for CTL-mediated lysis, described here 
and elsewhere, are 4 h incubations. Thus, there is reason 
to believe that the scFv/folate conjugate has considerable 
promise in vivo: It has an EC50 of approximately 1 ng/ 
mL, is smaller than the other agents, and remains 
effective at folate levels found in normal human serum. 
The scFv/folate targeting effect was inhibitable by free 
folate, but only at concentrations that were considerably 
higher (> 1000-fold) than the folate conjugate concentra- 
tion (Figure 8) . Schodin et al. (57) have previously shown 
that <1% of the total number of TCRs per CTL need to 
be triggered for CTL-mediated cytolysis to occur. Thus, 
it is possible that >90% of the folate/antibody conjugates 
were inhibited from binding the target cell but sufficient 
conjugate remained bound to trigger maximal lysis. 

The fact that the scFv/folate conjugate is in direct 
competition with serum folate also brings about the 
intriguing possibility of modulating the effectiveness of 
scFv/folate conjugate treatment by altering the levels of 
serum folate. For instance, recent studies with mice have 
shown that serum folate can be intentionally decreased 
up to 100-fold with special low- folate diets (44, 45). The 
decreased folate concentration greatly enhanced the 
ability of a 67 Ga-labeled deferoxamine/folate conjugate to 
image FR + tumors in vivo (44). We envision that similar 
low-folate diets will likewise enhance the therapeutic 
effectiveness of the scFv/folate conjugate. Conversely, 
serum folate could be increased in situations where 
nonspecific T cell interactions lead to adverse side effects. 
Thus, the use of folate as the small molecule ligand 
specific for a tumor antigen may allow for additional 
levels of regulation normally not available with other 
immunotargeting agents. 

In vivo tests to compare scFv and intact folate conju- 
gates are currently underway in SV40 transgenic mice 



that develop choroid plexus tumors exhibiting elevated 
levels of the high affinity folate receptor (58). Prelimi- 
nary results indicate that T cells specifically infiltrate 
the tumor after treatment with the scFv/folate conjugate 
(B.K.C., T.A.P., D.N4.K., and E.J.R., unpublished data). 
At this time, it is unclear whether conjugate-bound T 
cells extravasate into the tumor or if T cells first 
extravasate into the tumor and subsequently recognize 
the conjugate bound to cell surface FR. The latter 
mechanism would favor the enhanced tumor penetration 
characteristics of the smaller scFv molecule and would 
likely lead to increased therapeutic effectiveness. 
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